Background. The neurophysiological mechanisms underlying improved upper-extremity motor skills have been partially investigated in patients with good motor recovery but are poorly understood in more impaired individuals, the majority of stroke survivors. Objective. The authors studied changes in primary motor cortex (M1) excitability (motor evoked potentials [MEPs], contralateral and ipsilateral silent periods [CSPs and ISPs] using transcranial magnetic stimulation [TMS]) associated with training-induced reaching improvement in stroke patients with severe arm paresis (n = 11; Upper-Extremity Fugl-Meyer score (F-M) = 27 ± 6). Methods. All patients underwent a single session of reaching training focused on moving the affected hand from a resting site to a target placed at 80% of maximum forward reaching amplitude in response to a visual "GO" cue. Triceps contribute primarily as agonist and biceps primarily as antagonist to the trained forward reaching movement. Response times were recorded for each reaching movement. Results. Preceding training (baseline), greater interhemispheric inhibition (measured by ISP) in the affected triceps muscle, reflecting inhibition from the nonlesioned to the lesioned M1, was observed in patients with lower F-M scores (more severe motor impairment). Training-induced improvements in reaching were greater in patients with slower response times at baseline. Increased MEP amplitudes and decreased ISPs and CSPs were observed in the affected triceps but not in the biceps muscle after training. Conclusion. These results indicate that along with training-induced motor improvements, training-specific modulation of intrahemispheric and interhemispheric mechanisms occurs after reaching practice in chronic stroke patients with substantial arm impairment.
Introduction
Reaching represents a fundamentally important human behavior and a key building block for functional independence in activities of daily living. Single-neuron and neural population activity studies have documented the role of the primary motor cortex (M1) in the planning and execution of reaching movements, 1, 2 including the transformation from a relatively abstract representation of the motor plan to the "mechanical details of their implementation." 3 This involvement includes feed-forward control of dynamics as well as online control of reaching direction and speed. [4] [5] [6] In addition, M1 also contributes to learning of novel reaching movements. 2, 7, 8 After a relatively severe stroke, abnormal M1 function is often accompanied by dysfunctional reaching and consequently poststroke motor disability. 9 The motor impairments that contribute to dysfunctional reaching after stroke include difficulty activating elbow extensors (triceps) and shoulder flexors together in the implementation of a functional forward reaching movement 10 and abnormal co-contraction of the biceps during such movements. 11, 12 Motor training in the setting of rehabilitative treatments can partially ameliorate reaching deficits even in patients with severe impairment. 13, 14 During the past 20 years, extensive research has been conducted on the ability of motor training to improve upper-extremity motor function after stroke. 15, 16 Noninvasive neuroimaging and neurophysiological techniques have allowed improved understanding of the mechanisms underlying these behavioral improvements, most often related to distal hand function and in patients with predominantly mild to moderate motor deficits. The cortical mechanisms of traininginduced reaching improvements in patients with more severe hemiparesis have been less commonly studied. Yet this group of patients represents a substantial proportion of stroke patients 17, 18 and the one with the greatest need for effective treatments.
Evaluation of training-induced modulation of cortical physiology in severely involved stroke patients is particularly challenging and, consequently, underinvestigated. Contributing reasons include the inability of these patients to perform distal hand movements as required for many functional magnetic resonance imaging (fMRI) and transcranial magnetic stimulation (TMS) investigations, the difficulty of carrying out fMRI studies of proximal arm movements because of motion artifacts in the scanner, and high motor thresholds and frequently absent motor evoked potentials (MEPs) to TMS. In these situations, it is also not expedient to evaluate intracortical physiology using pairedpulse TMS techniques, such as short interval intracortical inhibition 19 and paired-pulse measurements of, for example, interhemispheric inhibition between primary motor areas, 20, 21 which require the presence of relatively stable and reliable test MEPs.
Here, we studied the cortical mechanisms of traininginduced improvements in forward reaching in patients with relatively severe hemiparesis, using a combination of TMS measurements recorded during low-level isometric motor activation. We hypothesized that training-induced improvements in reaching would be accompanied by modulation of intracortical functions that is specific to the muscle being actively trained. When patients with significant arm paresis attempt forward reaching movements, the biceps are excessively activated, 10, [22] [23] [24] and the triceps are underactivated. 25 In addition, greater triceps activation is correlated with better reaching performance, 25 and practice-induced improvements in reaching are accompanied by improved triceps activation and larger elbow extension amplitude during reaching. 13, 14, 25, 26 We therefore consider the triceps to be a prime mover in the forward reaching task we studied 27 and a key muscle targeted by the reaching practice. Given these assumptions, we predicted increased corticospinal excitability and decreased interhemispheric and intracortical inhibition targeting the affected triceps muscle (partial agonist to the trained task) and to a lesser extent the affected biceps muscle (partial antagonist to the trained task).
Methods Participants
Participants provided written informed consent according to the Declaration of Helsinki under a study protocol approved by the NIH/NINDS Institutional Review Board, and all study procedures were conducted in accordance with institutional guidelines. A total of 11 individuals with chronic hemispheric stroke participated in the study (5 female; 54 ± 6 years old; 7 ± 1 years poststroke; 6 with left hemisphere lesions; all with sparing of M1, Figure 1 ).
Figure 1.
Lesion location: structural magnetic resonance images (MRI; T1-weighted) from 11 participants with chronic stroke. All participants had a single stroke that occurred more than 1 year prior to participating in the study. Images for participant 6 are postcontrast. Note that the lesion extends through at least 3 slices in all patients Table 1 displays the clinical characteristics of each participant. Participants had little or no active finger or wrist movements and scored 26.7 ± 6.0 (40.5% ± 9.1% of the maximum score) on the Upper-Extremity Fugl-Meyer Assessment (F-M).
The key inclusion criterion was the ability, while seated at a table, to move the affected hand forward at least 8 cm without leaning forward with the trunk. We also required that participants had lesions with sparing of M1. The key exclusion criterion was voluntary affected hand wrist and finger extension of >10°, a criterion that would make the patient eligible for rehabilitation interventions aimed at patients with more mild motor impairments, such as constraint-induced movement therapy, which have previously been studied. 28 We also excluded patients with any disability that would interfere with performance of the reaching task and any contraindications to TMS.
Study Design
The study was performed over the course of 4 sessions ( Figure 2C ). On the first day (pretest 1), participants performed the reaching response time test described below. In addition, physiological measurements were made to familiarize the participant with the TMS procedures. On the second day, reaching training was immediately preceded (pretest 2) and followed (posttest) by measurements of cortical function and reaching response time. To measure any behavioral retention effects, we performed follow-up tests of reaching response time 24 hours (24-hour retention) and 30 days (30-day retention) after the single training session.
Reaching Response Time
Participants were seated in a high-backed chair at an adjustable-height table that was positioned just above the participant's thighs ( Figure 2A ). Crossed nonelastic nylon straps were used to prevent forward leaning of the trunk. Both hands were placed at the front edge of the table on targets marking the starting position. A response pad with an adjustable 6-cm diameter circular button was placed at 80% of the maximum forward distance that could be voluntarily reached by the affected arm. A monitor in front of the participant displayed a randomly timed "Go!" command. Superlab (Cedrus Corporation, San Pedro, CA) was used to deliver the "Go" signals and to calculate the reaching response time from the "Go" signal to button press (sample rate = 100 Hz). Participants were given the following instructions: "When you see the Go signal, quickly reach out and press the button with your (left or right) hand." All testing was performed on the affected arm. The primary behavioral outcome measure was affected-arm response time measured in 2 blocks of 10 trials. We considered triceps and biceps as contributing agonist and antagonist, respectively, to the elbow extension required for this forward reaching task. Although both muscles also cross the shoulder joint, their primary function is at the elbow, and their long heads are generally agreed to have only a stabilizing role at the shoulder. 29, 30 Patients with severe motor impairments often have electromyograph (EMG) activity at rest and virtually always show less brisk changes in EMG when voluntarily starting movements, making determination of EMG onset and termination required for reaction and movement time measurements unreliable. To avoid these pitfalls, we chose overall response time (from the "Go" signal to button press) as our primary end-point measure.
EMG Recordings
The skin over the biceps and triceps muscles of both arms was prepared with mild abrasion and cleansed with alcohol. Disposable self-adhesive electrodes with conductive gel were applied 2 cm apart to the short and long head of the biceps and triceps, respectively, over the area of greatest muscle bulk in a tendon-muscle montage. Amplified and filtered EMG signals were recorded at 2 kHz in 5-s epochs beginning 1 s before the delivery of the TMS pulse using Signal software (CED, Cambridge). All tests of M1 excitability were conducted on the affected arm's biceps or triceps muscle separately. Because no MEP could be elicited in these muscles at rest even at the highest output of the stimulator, all physiological testing procedures were conducted with low-level background activation of the target muscle (˜10% maximum voluntary isometric contraction [MVIC]). To keep background activation levels stable, participants viewed a monitor that provided online visual feedback of current background EMG activity as well as a fixed target level of activity ( Figure 2B ). Rest periods were given whenever the EMG began to either substantially drop from the target level or become otherwise unstable, as determined by the investigator, and whenever requested by the patient. Measurements of M1 excitability were obtained immediately before and following a session of affected-arm reaching training. Because affected-arm MEPs could not be elicited at rest, the optimal coil position for each muscle was determined by identifying the location where an MEP or silent period was elicited during background activation of the target muscle. Additionally, we required that the lesioned hemisphere coil position could not vary more than 1 cm from the mirror location of the nonlesioned hemisphere M1 hotspot, consistent with previous investigations 31 and confirmed that the hotspot was located on the precentral gyrus ( Figure  2B ) using a stereotactic neuronavigation system and the participant's own MRI (Nexstim Inc, Helsinki, Finland). TMS stimuli were delivered at 80%, 90%, and 100% of maximum stimulator output (in fixed order, 10 trials per intensity) to the lesioned hemisphere M1 hotspot during voluntary activation of the target muscle, as described above. To monitor corticospinal excitability of the nonlesioned hemisphere, recruitment curves from this hemisphere were collected with both arms at rest. Stimuli were delivered from 90% to 150% of resting motor threshold of the unaffected arm's target muscle (biceps and triceps, 10 trials at each intensity) and were collected before and after training.
Contralateral silent period (CSP). The CSP is measured in the context of background activation of the target muscle and is a period of reduced EMG activity, which follows any poststimulus facilitation. The CSP was calculated from the same trials as those used to calculated MEP amplitude (details of data analysis below).
Ipsilateral silent period (ISP). Once again the inability to reliably elicit MEPs in the affected arm at rest or even in some cases with background activation prevented the use of common paired-pulse measurements of interhemispheric inhibition. 20, 21 Instead, we measured the ISP, a period of inhibition of ongoing EMG activity that has been shown to be transcallosally mediated and convey information in this case on inhibition from the nonlesioned to the lesioned M1. 20, 21, 32, 33 To obtain this measure, a TMS stimulus was applied to the nonlesioned hemisphere M1 hotspot during contraction of the affected arm. Stimuli were applied at 5 intensities from 110% to 150% of resting motor threshold of the unaffected arm's target muscle (biceps or triceps). A total of 20 trials were collected at each of the 5 intensities in randomized order.
Training Procedures
Reaching training with trunk restraint, similar to that used by others, 13, 14 was performed with the participant positioned in the same manner as for the reaching response time testing described above. In all, 200 repetitions of the reaching task with the affected arm were performed in 20 blocks of 10 trials. Patients were instructed to quickly reach out and press the button after the "Go" signal appeared. Participants were allowed to initiate each new block of 10 trials at will by pressing a "Ready" button with their unaffected hand. In this way, rest periods were allowed between blocks of trials as needed. On average, training sessions lasted 35 to 50 minutes.
Data Analysis
Response time was calculated as the time elapsing between the "Go" signal and the button press. For each testing session, 20 trials were recorded and the median value used for subsequent analysis. Accuracy was quantified as the percentage of successful button presses out of the 20 attempted trials.
For analysis of EMG data, 5-s windows, which included 1 s of prestimulus data, were averaged together and the resulting waveform used for subsequent analysis. MEP amplitude was measured as the peak-to-peak amplitude of the EMG activity occurring between 15 and 55 ms after the delivery of the TMS pulse in the averaged, nonrectified trials. Affected-arm biceps MEP amplitudes from 2 participants were not included because the EMG signal during the MEP time window was obscured by prolonged stimulus artifact.
To quantify CSP, the point where the averaged, rectified EMG level dropped and stayed below prestimulus levels (defined as the average activity recorded from a 100 ms period [150 to 50 ms] prior to stimulus onset) for at least 10 ms was considered to be the CSP onset, and the time point when it returned to and stayed at or above prestimulus levels for at least 10 ms was considered the offset. CSP duration was defined as the time between stimulus delivery and the CSP offset and is the most widely accepted method of quantifying the CSP. [34] [35] [36] [37] [38] [39] [40] [41] [42] We also measured the percentage inhibition during the CSP for descriptive purposes. Affected-arm biceps CSP from 2 participants were not included in the analysis because the EMG during the expected CSP time window was obscured by prolonged stimulus artifact.
The ISP was quantified by measuring ISP inhibition or the degree to which the background EMG was suppressed during the silent period, the most commonly used and best validated approach for this measure. 20, 21, 32, 33 ISP inhibition is the area below the prestimulus average taken between the silent period onset and offset, expressed as a percentage of prestimulus EMG area calculated over an equal duration. ISP inhibition is therefore the percentage suppression of the background EMG, calculated as [1 − (ISP Area/Prestimulus Area)] × 100. For descriptive purposes, we also measured ISP latency and the duration from ISP onset to offset.
Statistical Analysis
A 1-way repeated measures analysis of variance (ANOVA) was performed to test reaching response time across test sessions. A 2-way repeated measures ANOVA with the factors Stimulation Intensity and Test Session was performed to test for differences in affected-arm MEP amplitude, CSP duration, and ISP inhibition as well as possible differences in the level of background EMG activity during testing. Finally, we tested for baseline differences between biceps and triceps MEP amplitude, CSP duration, and ISP inhibition using a Student's paired t test. For between-muscle comparisons, MEP amplitudes were normalized to the level of prestimulus EMG (defined as the average rectified activity recorded over the 100 ms before stimulus onset). We calculated Pearson product moment coefficients to describe any baseline relationships between these physiological measures and arm impairment severity and between practice-induced changes in behavior and changes in the physiological measurements. Significance levels were set at .05.
All statistical analyses were run using SPSS 14.0 (SPSS Inc, Chicago, IL). Data are reported below as mean ± standard error. Figure 3 displays the physiological measurements in the affected-arm biceps compared with triceps (averaged across stimulation intensities) at baseline, before any training occurred, and shows their respective relationships to the severity of arm impairment observed at baseline. Inspection of this figure reveals a tendency toward greater interhemispheric inhibition (ISP) in triceps than biceps (P = .09; Figure 3B ) and that patients with greater interhemispheric inhibition in the triceps muscle were those with more severe arm impairment (P < .05; Figure 3E ). Patients with Figure 3 . Physiology and arm impairment at baseline: baseline (pretraining) physiological measurements (averaged across stimulation intensities) in the triceps and biceps muscles and their relationship to baseline upper-extremity motor impairment (Fugl-Meyer score) are depicted. Normalized baseline motor-evoked potential (MEP) amplitudes (A) and cortical silent period (CSP) durations (C) were comparable in the biceps and triceps. Although there was a tendency for the ipsilateral silent period (ISP, B) to be of larger magnitude in the triceps than biceps, this trend did not reach statistical significance (P = .09). Greater ISP inhibition in the triceps muscle was significantly correlated with lower baseline Fugl-Meyer scores (ie, more impairment; P < .05; E), and there was a trend toward longer CSP durations being associated with lower baseline Fugl-Meyer scores as well (P = .09; F). No significant relationship was detected between MEP amplitude and baseline arm impairment (D). n = 11 except where otherwise indicated longer CSP durations in the triceps muscle also tended to be more severely impaired (P = .09; Figure 3F ).
Results

Motor Cortical Function and Arm Impairment at Baseline
Training Effects
Reaching response time. Reaching training resulted in faster affected-arm reaching response times, an effect that remained present 24 hours later (day 3; Figure 4A ; P < .05) but not 30 days later (day 30). We used paired t tests for post hoc comparisons of reaching response time between the average of the 2 pretests (day 1 and day 2 pretest) and (1) day 2 posttraining (P = .062), (2) day 3 (P = .004), and (3) day 30 (P = .162). The comparison between response time at pretest and day 3 remains significant after a Bonferroni correction for multiple comparisons (α = .017). On average, response times were decreased by 14.3% ± 4.2% or, in absolute time, 253 ± 87 ms after training. Accuracy (the percentage of successful button presses) was high and not significantly changed after reaching training (average pretraining and posttraining values = 94.2% ± 1.5% and 95.0% ± 2.0%, respectively). Interestingly, training-induced improvement in response time, calculated as ([Post − Pre]/Pre) × 100, correlated with baseline response time, such that participants with the slowest response times at baseline showed the largest training-induced improvements ( Figure 4B ; r = 0.74; P < .05).
Corticospinal excitability. As depicted in a single participant in Figure 5A , higher peak-to-peak MEP amplitudes were observed in the affected triceps muscle after training, indicating increased corticospinal excitability in this muscle. Average triceps MEP amplitudes pretraining versus posttraining were 91.3 ± 17.0 and 109.2 ± 20.1 µV, respectively, when averaged across the 3 stimulation intensities. The results of the repeated-measures ANOVA indicated a significant main effect of Intensity, indicating higher MEP amplitudes at higher stimulation intensities (F = 9.84; P < .01) and, more important, a main effect of Time, indicating significantly higher MEP amplitudes at posttesting versus pretesting (F = 8.37; P < .05; Figure 5B ). Figure 5C displays affected biceps MEP amplitudes for the same participant shown in Figure 5A . For the group, average biceps MEP amplitudes pretraining versus posttraining were 102.2 ± 33.4 and 88.7 ± 19.0 µV, respectively. Repeated measures ANOVA indicated no significant effect of Stimulation Intensity or Time and no significant Time × Intensity interaction effect (P = ns; Figure 5D ).
On average, triceps MEP latencies were 13.3 ± 0.8 and 14.8 ± 1.1 ms, and biceps MEP latencies were 16.6 ± 1.6 and 17.2 ± 1.7 ms immediately before and after training, respectively (P = ns for each).
Ipsilateral silent period. Repeated-measures ANOVA showed a significant main effect of Time for triceps ISP, indicating a significant difference between pretesting versus posttesting (F = 16.90; P < .01). The magnitude of ISP inhibition targeting the affected triceps muscle averaged across all stimulation intensities decreased from 39.7% ± 3.0% to 29.7% ± 4.3% after training, an effect that was observed at all 5 stimulation intensities tested ( Figure 6B ). The main effect of Intensity and the Time × Intensity interaction were not significant. On average, the triceps ISP latencies were 33.5 ± 1.4 and 34.2 ± 1.4 ms immediately before and after training, respectively (P = ns). Triceps ISP durations (measured from ISP onset to offset) were 38.8 ± 4.5 and 46.9 ± 7.4 ms immediately before and after training, respectively (P = ns).
In contrast to the consistent and relatively strong ISP inhibition observed in the triceps, ISP inhibition targeting the affected biceps muscle tended to be less pronounced and was unchanged after training (Pre = 24.3% ± 5.8%; Post = 21.8% ± 6.6%). Repeated-measures ANOVA indicated no Figures 6C and 6D) . On average, the biceps ISP latencies were 47.2 ± 3.3 and 46.1 ± 3.6 ms immediately before and after training, respectively (P = ns). Biceps ISP durations were 45.5 ± 4.4 and 47.5 ± 4.9 ms immediately before and after training, respectively (P = ns).
Contralateral silent period. The CSP duration targeting the affected triceps muscle increased with increasing stimulus intensity (F = 9.67; P < .01) and, more important, was shorter in duration after training (F = 5.79; P < .05). For the group, the duration of the CSP decreased in the affected triceps muscle from an average at baseline of 184.8 ± 22.0 ms to 150.5 ± 16.0 ms after training ( Figures 7A and 7B) . The percentage inhibition of background EMG during the triceps CSP averaged across the 3 stimulation intensities was 38.9% ± 4.1% before and 31.1% ± 4.4% after training. Repeated-measures ANOVA revealed a trend toward a posttraining decrease in this measure as well (F = 5.06; P = .07). Biceps CSP duration tended to increase from an average at baseline of 138.0 ± 6.3 to 160.9 ± 13.9 ms after training (P > .1; Figures 7C and 7D) . The percentage inhibition of background EMG during the biceps CSP averaged across the 3 stimulation intensities was 11.7% ± 5.5% before and 20.9% ± 5.9% after training (P = ns).
Control Data
No difference in corticospinal excitability of the nonlesioned hemisphere M1 (as measured by the slope of the recruitment curve) was observed after training for either biceps or triceps ( Table 2 , row A). The amount of background EMG produced was ~10% of that produced during a maximum voluntary isometric contraction. There were no significant differences in the level of background EMG activity The group means for CSP in the affected biceps muscle before and after training. Though there was a tendency for longer biceps CSP durations after training, this tendency did not reach statistical significance (P > . 10) produced before versus after training or between tests at different stimulation intensities ( Table 2 , rows B and C). In addition, unaffected-arm "mirror" activation during contralesional and ipsilesional stimulation when present was comparable for pretraining versus posttraining measurements ( Table 2 , rows D and E).
Discussion
Patient Population
The patient group included in the present study is not customarily targeted for mechanistic studies of rehabilitation training effects. They had substantial motor impairments (Upper-Extremity F-M score = 26.7 ± 6.0, corresponding to 40.5% ± 9.1% of the maximum score) and little or no voluntary finger or wrist movement but were able to perform some movements of the more proximal elbow and shoulder joints. In contrast, previous investigations into the mechanisms of upper-extremity rehabilitative training strategies have largely focused on relatively mildly affected and/or well-recovered individuals performing motor tasks with the wrist, hand, or fingers. 15, 16 
Behavioral Results
A major challenge for the patient group we studied is moving the stroke-affected hand out away from the body and into a more functional workspace. The affected elbow tends to remain flexed, often with overactivation of the affected biceps and underactivation of the affected triceps muscle. 12, 43, 44 Therefore, we chose to evaluate and train a reaching task because it is both functionally important and because it engages proximal arm muscles over which patients with severe motor deficits still exert some control.
We observed a significant improvement in reaching response time after training, with no decrement in reaching accuracy. The relative improvement in response time for the group was 14.3% ± 4.2%, in line with the amount of improvement reported in previous single-session training studies performed in less-impaired stroke patients practicing a distal arm task. [45] [46] [47] Patients who had the most impaired reaching response times at baseline made the largest training-induced improvements, a finding that further supports the potential usefulness of rehabilitative training strategies in more impaired individuals after stroke. 13, 14 We do not believe that this finding was a result of a ceiling effect of the task because our pilot recordings of healthy volunteers performing this task demonstrated much shorter response times despite much larger reach amplitudes.
Motor Cortex Function at Baseline
We found that patients with greater interhemispheric inhibition (ISP) at baseline, partly reflecting stronger inhibition from the nonlesioned to the lesioned hemisphere, had more severe arm impairment as measured by the F-M score ( Figure 3E ). This suggestion of a mechanistic link seems to be present also in patients with more successful motor recovery in whom abnormal persistence of premovement interhemispheric inhibition targeting the affected hand was present among those with less finger strength (lower MRC scores) and slower finger tapping speeds. 48, 49 These correlations identify an exciting area of investigation but stop short of identifying a cause-effect link. They provide further support for the notion that interhemispheric inhibition targeting the affected arm, alone or in combination with intracortical GABAergic circuits within the lesioned hemisphere, 50,51 is a factor that may influence the severity of motor impairment after stroke. 
Changes in Motor Cortex Function With Training
Corticospinal excitability. Training-induced improvements in reaching were accompanied by an increase in lesioned hemisphere M1 corticospinal excitability targeting the triceps, but no such increase was observed in the biceps muscle, a differential training effect that is consistent with previous findings in healthy participants performing a distal hand training task 52 and that may have contributed to training-dependent performance improvements in this study. This finding is in agreement with previous work conducted in less-impaired patients performing distal hand tasks. 45, 46, [53] [54] [55] Trained-induced changes in corticospinal excitability, or the lack thereof, in muscles antagonist to those engaged in performance of these distal tasks in chronic stroke patients have not, to our knowledge, been previously reported. Therefore, an additional conclusion from our data is that excitability changes demonstrated after motor training in stroke patients with more severe impairment are likely to be specific to the role that each muscle plays in relation to the trained motor tasks. Interhemispheric inhibition. Training-induced improvements in affected-arm reaching were also accompanied by decreased ISP, partially reflecting interhemispheric inhibition targeting the affected triceps, whereas no change was detected in the biceps. This finding, to our knowledge, represents the first demonstration of a training-induced modulation of the nonlesioned-to lesioned-hemisphere inhibitory influence in stroke patients. The slope of the recruitment curve for the unaffected triceps muscle showed no changes, indicating that there was no overall decrease in excitability in the nonlesioned M1 that could have accounted for this pre-post difference ( Table 2 , row A). Previous work has demonstrated that 1 month of motor training accompanied by a priming task induced changes in interhemispheric inhibition from the lesioned to the nonlesioned M1 in stroke patients who were better recovered than those in our study, 56 but no data were reported on inhibition from the nonlesioned to the lesioned M1, the focus of our investigation. Though not training related, a decrease in interhemispheric inhibition from the nonlesioned to the lesioned M1 has been reported after a single session of transient ischemic cutaneous anesthesia of the unaffected hand 57 and after a single session of inhibitory repetitive TMS applied to the contralesional hemisphere. 58 Intracortical inhibition. Because affected-arm MEPs could not be elicited at rest and were not consistently elicited even with background activation, commonly used paired-pulse approaches to measuring intracortical inhibition could not be implemented in this patient group. Instead, we measured the CSP because changes in the CSP reflect changes in cortical inhibitory mechanisms, including intracortical inhibition (CSP). 36, 42 Although there is probably a spinal inhibitory component during the first 50 to 100 ms of the CSP, there is strong evidence that the CSP is largely mediated by GABA B intracortical inhibitory circuits, and it is an accepted method of measuring the excitability of these circuits. 36, 37, 41, 42 Similar to other measures of intracortical inhibition, the CSP has been shown to be disrupted after stroke. [59] [60] [61] Reaching training led to decreases in the CSP consistent with decreased intracortical inhibition in the affected triceps but not the biceps muscle. Previous work has shown that CSP targeting distal muscles in the affected arm, which reflects activity in GABA B inhibitory circuits, 40 is prolonged in acute stroke patients 59, 62, 63 relative to healthy controls. 60 Over time, CSP shortens in association with functional recovery. 59 A comparison of our physiological findings with those in healthy volunteers or with other reports on stroke patients is challenging because few other studies have reported these measurements from the more proximal arm muscles studied here. It is, however, well known that in healthy individuals, MEP amplitudes are lower and motor thresholds higher in proximal than in distal arm muscles. Previous studies have reported average peak-to-peak amplitudes of 150 to 200 µV in the biceps and triceps muscles of healthy controls. 64, 65 Gerachshenko et al 43 were unable to elicit MEPs in the affected biceps muscle of stroke patients (F-M = 37.4; 16 participants; data included from 8). Instead, they applied TMS just before EMG onset while participants were performing repetitive, rhythmic, externally paced movements. The MEP amplitudes recorded were surprisingly large (480 ± 130 µV prior to flexor and 350 ± 140 µV prior to pronator activation). What was interesting was that the values in healthy volunteers were lower (210 ± 70 µV before flexor and 30 ± 7 µV before pronation), leading the authors to suggest possible abnormalities in inhibition of the biceps muscle after stroke. In the present study, with low-level background activation and high stimulus intensities, MEP amplitudes recorded from the biceps and triceps were around 85 to 105 µV-somewhat lower than what has been reported in healthy volunteers.
CSP duration in the biceps of healthy volunteers has been reported to be around 190 to 200 ms, 66, 67 similar to values reported in more distal muscles. Abnormally long CSPs have been reported in the hand muscles of patients with stroke-related motor impairment, and shortening of the CSP tends to occur in parallel with clinical recovery. 68 The average CSPs we recorded from the biceps and triceps were around 150 to 200 ms, apparently within normal limits yet malleable to training. The area of the ISP expressed as a percentage of prestimulus EMG activity has been reported to be around 40% to 60% inhibition in the distal muscles of healthy volunteers. 20, 21, 69 Similar levels have been reported in the unaffected hand muscles of stroke patients. 70 We recorded 20% to 40% inhibition in the affected biceps and triceps of significantly impaired stroke patients.
Although it has been shown that even severely impaired patients can make improvements with intensive training, 13, 71, 72 the mechanisms of training-induced upperextremity motor recovery remain poorly explained for these patients because they are difficult to evaluate appropriately with fMRI and TMS investigations that require intact MEP responses to TMS. Here, we demonstrate that even in stroke patients with relatively severe motor impairment, plastic changes can be elicited in association with a single session of intense, repetitive motor practice. Previous studies have shown that changes in affected-hemisphere physiology in response to a single training session could predict response to longer-term training. 73 The plastic changes we observed were similar to those of use-dependent plasticity studies in which the kinematic details of the trained movement seem to become encoded in M1, and excitability of the trained (agonist) muscle is enhanced. 74 In addition, there appears to be a particularly prominent role of interhemispheric inhibition targeting the affected triceps in these patients as it (1) correlates with arm impairment severity and (2) significantly changes with triceps motor practice. Because our primary behavioral measure was response time, which encompasses movement and reaction time, other brain areas, such as those involved in motor preparation and planning (prefrontal and premotor areas), may also have contributed.
In summary, our findings suggest that training-induced improvements in functional reaching movements come about in association with training-specific changes in intracortical circuits of M1 consisting of corticospinal excitability and diminished interhemispheric and intracortical inhibition targeting the predominantly agonist triceps muscle with no such changes observed in the primarily antagonist biceps. More broadly, our findings suggest that intracortical mechanisms controlling different muscle groups in a stroke-affected arm can show training-related changes in one muscle group and not another, based on the training task performed-an effect that could have contributed to the significant variability identified in some of these measurements in previous investigations.
